









A R T I C L E  I N  P R E S S  
1. INTRODUCTION 
The persistent presence of halogenated hydrocarbons in all envi-
ronmental media is still a serious problem, but especially in aque-
ous medium.  Disposal and spills of chlorinated solvents at indus-
trial sites, military bases, government facilities or dry cleaner sites 
have led to extensive groundwater contamination[1, 2]. Also, sev-
eral authors have pointed out, not only that the treatment of water 
with chlorine in the distribution system produces haloacetic acids 
and trihalomethanes which prevents its use as drinking water[3], 
but also the resistance of these compounds to transformation via 
mainstream biochemical processes[4] used in the water treatment 
plants, and the formation and fate of haloacetic acid within these 
plants[5]. Therefore, the situation is far from being solved and has 
encouraged the further development of current methods for pollut-
ant treatments and the development of new technologies to over-
come these issues. Procedures which degrade the toxic nature of 
the molecule are now receiving strong attention an consequently 
electrochemical reduction is again emerging as an option. Benefits 
include enhanced reduction kinetics[6] and controllable electrode 
passivation, corrosion or inhibition[7], in front of other reductive 
pathways such as zerovalent metal reduction[8]. 
The overall reaction for the electrochemical dehalogenation has 
been routinely postulated as a two electron reduction which, in 
presence of a proton donor, yields the dehalogenated hydrocarbon.  
However, if we look at the literature[9, 10], these and other assess-
ments have been established from research normally carried out in 
organic solvents or mixtures of water and organic solvents. This is 
because most of the organic halides have reduction potentials 
which lie more negative than the reduction potential of water.  
Since the latest 1930s, a vast bibliography about the electroreduc-
tion of halogenated compounds in organic solvents can be found.  
Initial polarographic studies were summarized by Wawzonek[11] 
in 1949, followed by other polarographic studies carried out in 
methanol[12], methanol-water[13], ethanol-water[14], 
DMF/acetonitrile[15] solvents. Also with organic solvents, other 
electrode materials were also used to analyze the electrochemical 
behaviour of halogenated compounds, such as glassy carbon elec-
trode/DMF system[16], mercury-, glassy carbon-, sil-
ver/acetonitrile[17], zinc/water-acetonitrile system[18] and copper-
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palladium alloys/DMF[19], and this research field has kept con-
tinuously active until nowadays[20,21]. 
In a first approximation, electrochemical remediation could be 
planned on using strategies based on mixed solvents or extraction 
by biphasic solvents but this approach can not avoid partition of the 
organic solvent in water. Therefore, from an environmental point of 
view, water contaminated with chlorinated compounds, must be 
directly analyzed by electrochemical approaches even if the elec-
trochemical route is more effective in nonaqueous solvents. We 
have found relatively little fundamental information concerning the 
electrocatalytic reactions of the halogenated compounds in aqueous 
media.  Rajeshwar and Ibañez[22] have presented a revision estab-
lishing that the electroreduction takes place close to aqueous back-
ground electrolyte, decreasing the current efficiency and that the 
mechanism usually follows a radical pathway, which intermediates 
undergo other reactions. Polarographic studies in aqueous media 
have been carried out for the determination of 1,2 dibromomethane 
[23] and also haloacetics [24], postulating a two-electron stepwise 
reduction of trichloroacetic and dichloroacetic acids with loss of 
chloride anion at potentials -0.8V and -1.57 V vs SCE.  C1 chlorin-
ated compounds (carbon tetrachloride, chloroform and dichloro-
methane) and chlorinated carboxylic acids were subject of funda-
mental studies [25] using a platinum cathode in acidic medium at 
positive potentials on the rhe scale. It was stated that the carbon-
halogen bond cleavage follows a general scheme involving loosely 
and strongly adsorbed species. Methane is obtained from the C1 
halogenated compounds. The aqueous systems have also been ana-
lyzed with studies based on bulk electrolyses using batch reac-
tors[26,27] or continuous-flow reactors[28]. Operational variables 
such as cathode material and electrode potential have been corre-
lated with the main reaction products.  Sonoyama [29] et al. studied 
the electrocatalysis of the electroreduction of chloroform giving 
current efficiencies close to 100% for Ag, Zn, Cu and Pd cathodes 
with methane and dichloromethane as major final products. Di-
chloromethane was found as a final product for Pb and Sn elec-
trodes.  Farrel et al analyzed the reduction of carbon tetrachloride at 
nickel electrodes as a function of electrode potential, pH, concen-
tration and temperature [30]. Criddle et al[31] analyzed the degra-
dation of chloroform and 1,1,1-trichloroethane studying the influ-
ence of the electrode potential of the silver cathode, and formiate, 
CO, H2, CH3Cl and CHCl3 were detected as final products. The 
degradation of other chlorinated compounds such hexachlorocyclo-
hexane[32], chlorinated phenoxyacetic acids[33] and pentachloro-
phenol[34] are being also studied by means of laboratory electroly-
ses. 
The results reported vary widely and it should be highlighted that 
some electrode potentials used in these bulk electrolyses are higher 
than the onset for the hydrogen massive evolution, yielding reason-
able current efficiencies, because of that some controversy arises.  
Besides, the electrocatalytic potentialities of cathodic materials 
such as silver have been highlighted for organic halide reductions 
in acetonitrile, with reduction potential shift in the positive direc-
tion of 500 mV with respect to mercury and 1000 mV with respect 
to glassy carbon[20], extending also the analysis in water [35]. 
These recent results and the availability of new spectroelectro-
chemical techniques have motivated the reintroduction of funda-
mental studies of the electroreduction of halocompounds in aque-
ous media in spite of the fact that voltametric responses do not give 
rise to well-defined waves. These new studies have been focused 
on the use of new electrode materials [18, 19] and their implica-
tions in electrochemical reduction and also on the mechanistic as-
pects. In this way, a combination of different techniques can pro-
vide useful preliminary results about the mechanism of the process 
and, because of that, a preliminary study by spectroelectrochemical 
approach using pretreated copper electrodes [36] has been carried 
out in our laboratory. This study revealed that the electroreduction 
of perchloroethylene (PCE) occurs via potential dependent path-
ways along the potential window, at least up to -0.3 V vs Ag/AgCl/ 
KCl(3M). In the present work a systematic and comparative inves-
tigation of the electroreduction of PCE in aqueous media between 
glassy carbon, lead and copper electrodes is carried out. Glassy 
carbon has been chosen because of its poor electrocatalytic behav-
iour, highlighted in the literature [37]. Lead has been chosen be-
cause literature states that the radical intermediates produced dur-
ing the process can interact strongly with the metal, which can 
enhance the reduction of the halogenated compound and can result 
in the formation of organometallic compounds[38]. Copper has 
been chosen because of its intermediate behaviour[36]. Thus, an 
equivalent study has been carried out for the three electrodes stud-
ied: (i) first, the voltammetric behavior of the background system 
(aqueous sodium sulphate/electrode) is analyzed, fixing the poten-
tial window and the background features by means of scan rate and 
rotation rate series. Then, PCE is added to the system and the same 
combined study is carried out: the voltammetric behaviour is ana-
lyzed in static and enhanced mass transport conditions (RDE ex-
periments). The comparison allows us to detect the contribution of 
PCE electroreduction upon the background features. Figures in the 
present paper are only the more representative summary of the 
results obtained. (ii) Second, after previous chemical reduction 
trials defined as blanks, preparative electrolyses for the PCE elec-
troreduction were carried out at electrode potentials selected from 
the remarkable features of the voltammetric profiles in the presence 
of PCE. These electrolyses gave qualitative information 
(confirmation of the electrochemical reduction of PCE at several 
potentials studied and nature of the reduction products). All these 
results are compared with others previously obtained by the authors 
[36] and also others found in literature. 
2. EXPERIMENTAL 
The system under analysis presents several difficulties that re-
quire special experimental care. On one hand, PCE has a low solu-
bility in water (150 m L-1 at 20ºC): low current should be expected.  
This compound is also volatile, therefore, in all experiments, the 
volume of gas phase over the solution has been minimized. The 
PCE concentration was determined before and after voltammetric 
experiments and at selected times for bulk electrolyses. Moreover, 
special attention was also paid to eliminate the oxygen from solu-
tion, and thus avoid its contribution to the current by its reduction 
during the electrochemical experiments. 
Furthermore, in order to avoid the disturbances resulting form 
the inevitable presence of metal oxide, which could depend on the 
history of metal substrate, special attention was paid in the early 
stages of the studies for the metallic solid electrodes. Therefore, a 
systematic pretreatment (described below) was followed for both 
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2.1. Materials 
Aqueous solutions were prepared with purified water obtained 
from a Milli-Q UV Plus system (18.2 mW cm resistivity), and 
Na2SO4 (Merck p.a.) was dissolved to give a concentration of 0.05 
M.  This background electrolyte was then Ar-purged in the electro-
chemical cell.  After that, because of the volatility of PCE, all ports 
were carefully sealed and PCE (99.9% (Aldrich) without any fur-
ther purification) was then added in order to obtain the desired 
concentration. The electrochemical cell was kept under Argon at-
mosphere from then on, in order to avoid oxygen entrance.  Prior to 
any electrochemical experiment, the solution was stirred with a 
glass covered magnetic bar and was left to dissolve and equilibrate 
between gas and liquid phases. 
A glassy carbon disk (0.07 cm2), lead disk (0.196 cm2) and cop-
per disk (0.196 cm2) Radiometer Copenhagen were used as work-
ing electrodes for the voltammetric experiments. The counter elec-
trode was a spiral wound platinum wire. For controlled potential 
bulk electrolyses, a plate of carbon (12.6 cm2), a plate of copper (12 
cm2) and a plate of lead (14 cm2) were respectively used as ca-
thodic materials. A lead/lead dioxide plate was used as anodic ma-
terial. In both cases, the reference electrode was a 
Ag/AgCl/KCl(3M) electrode (52-40 model, Crison Instruments 
S.A.) connected to the electrochemical cell via a Luggin capillary. 
All potentials were measured and are quoted versus this reference 
electrode. 
2.2. Electrochemical experiments 
Scan rate series (10, 20, 50, 100, 250 and 500, 750 and 1000 mV 
s-1) and rotating rate series (250, 500, 1000, 1500, 2000, 2500, 
3000, 4000 and 5000 rpm) studies in the presence and the absence 
of PCE have been routinely carried out by linear (LSV) and cyclic 
sweep voltammetry (CV). Before each series, the working elec-
trode was polished with decreasing size alumina powder (1, 0.3 and 
0.05 μm) until a mirror finish was obtained. After that, the elec-
trode was thoroughly rinsed with ultrapure water. Next, the elec-
trode was dipped into the working solution at rest potential.  For 
the metallic electrodes, a further systematic pretreatment was un-
dergone prior to the start of the voltammetry experiment. This pre-
treatment consisted on holding first at a conditioning potential 
(different for each electrode material) for 5 seconds, followed by an 
equilibration time of 3 seconds. Then, the scan started immediately. 
This protocol provided a good reproducibility of data.  Three con-
secutive scans were systematically recorded in each experiment for 
any of the three different electrode materials analyzed.  Routinely, 
no differences were detected among the consecutive scans for car-
bon electrode, however, response of the first scan was different 
from the similar response obtained in the following scans for lead 
and copper electrodes. Controlled potential bulk electrolysis were 
carried out in a divided glass cell. A Nafion 450 cationic membrane 
was used to separate anolyte and catholyte solutions, whose vol-
umes were 40 mL. All the electrochemical experiments were car-
ried out using an Autolab PGSTAT30. A Micro pH 2000 Crison 
pHmeter and a Crison conductimeter model 525 were used to 
measure the initial and final pH and conductivity of the solution. 
2.3. Analysis 
For the concentration measurements, aliquots were withdrawn 
from the working compartment by a fine stainless steel tube into 
2.5 mL glass vials, sealed with a PTFE/silicone septum-lined 
threaded cap. Sample analysis were carried out using an Agilent 
1100 HPLC fitted with a Hypersil ODS (C18) column (250 mm × 4 
mm and particle diameter 5 μm) and a UV-VIS detector set to a 
wavelength of 220nm. The mobile phase was a mixture metha-
nol/water (65/35) at a flow rate of 1 mL/min-1. The column tem-
perature was thermostatized to 40 oC and the sample volume was 
20 μL.  Additionally, from these glass vials, using a 5 μL Hamilton 
syringe, a 1μL sample of the aqueous solution was also injected 
into a HP 5890 Serie II gas chromatograph equipped with a FID 
detector and a 80/100 carbograph 2 column, 2m × 2 mm, compati-
ble with aqueous phase, for the analysis of the C2Cl4 and other by 
products.  Gas phase over solution was also analyzed (250 μL sam-
ple) in this Gas chromatograph. The temperature program chosen 
had an initial value of 100º C during 2 minutes, scan rate 5 degree 
per minute until a final temperature of 170º C held during 10 min-
utes. Inject temperature 200º C and detector temperature 225º C. 
Nitrogen was the carrier gas with a flow 38 mL min-1. The syringe 
was always cleaned after every injection first with water and after 
with acetone and was homogeneously pretreated (10 times) with 
the next sample. The GC-FID was calibrated with chromatographic 
standards. Triplicate measurements were made for each sample. All 
sample aliquots were analyzed immediately after collection. 
For the monitoring of Cl- and other anionic species, samples of 1 
mL were filtered through a 0.45 μm PTFE filter and injected into 
an Ion-exchange chromatograph (IC), 792 Basic Ion Chromato-
graph Metrohm with a suppressor module, equipped with a conduc-
tivity detector and a Metrosep A Supp 4 column, stable for any pH. 
The eluent was a 1.7 mM sodium hydrogen carbonate / 1.8 mM 
sodium carbonate solution, with a flow of 1 μL/min. Two 20 μL 
injections in succession were done for every sample. 
3. RESULTS AND DISCUSSION 
3.1.Voltammetric study 
3.1.1.Glassy carbon disk electrode 
Due to its inertness, glassy carbon was the first material studied. 
The rest potential was routinely constant and both CV and LSV 
 
Figure 1. Linear voltammograms at a glassy carbon electrode in (--
--) 0.05 M Na2SO4, 1 V s-1 and (___) 50 ppm PCE + 0.05 M Na2SO4 
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gave virtually identical profiles for negative-going potential scans. 
Figure 1 shows a scan rate series LSV for the deoxygenated solu-
tion 0.05 M Na2SO4 (pH 5.8-6.0) + 50 ppm of PCE (solid line) 
compared to the background electrolyte at 1 V s-1 (dotted line). No 
differences were detected between the first and following scans and 
no peak is observed at any scan rate studied, so slow kinetics 
should be expected for the electrochemical reduction of PCE or, as 
it is established in literature, the electroreduction takes place at 
potentials close to the background decomposition. In order to ob-
tain a general overview of the process, the influence of the electro-
active concentration and convective conditions were also studied. 
Figure 2 shows the rotating rate series LSV (0-4000 rpm, 10 mV s-
1) for three different concentrations of PCE (solid line), 68, 90 and 
101 ppm, compared to the background electrolyte (dotted line). In 
spite of the fact that an increase of the current density is obtained 
with increasing concentrations or enhanced convective conditions, 
no clear plateau current during the sweep to more negative poten-
tials were observed, especially at lower rotating rates or concentra-
tions. 
3.1.2. Lead electrode 
Following the preliminary analysis of the electrode materials, a 
similar study was carried out for lead as a cathode material. First of 
all, a cyclic voltammetric analysis over a wide potential window 
between hydrogen and oxygen evolution was carried out: the scan 
started at the rest potential and moved to more negative potentials 
until the onset of hydrogen evolution. Then the scan was reversed 
and swept to more positive potentials until oxygen evolution was 
observed. Figure 3 displays three consecutive scans showing the 
Pb-PbO-PbSO4-Na2SO4 system in our experimental conditions, and 
after, this has been compared with the same analysis but in H2SO4 
solutions [39]. A similar profile is obtained allowing us to locate 
the PbO-PbSO4/Pb redox couple in our experimental conditions at 
around -0.45 - -0.85V, before the hydrogen evolution. Therefore, 
our study was conducted at potentials lower than the rest potential 
in our experimental conditions. This rest potential has been rou-
tinely located in the range [-0.48- -0.55 V] depending on the state 
of the surface, and we fixed the conditioning potential at -0.55V.  
Figure 4 shows the first scan (to negative potentials) with a fresh 
lead disk in 0.05 M Na2SO4 (dotted line) and 50 ppm PCE + 0.05 
M Na2SO4 (solid line) for 10 mV s-1 and 1 V s-1. Only a low signal 
assigned to the reduction of the residual surface oxides/sulphates 
 
Figure 4. Cyclic voltammograms at a lead disk electrode in (…) 
0.05 M Na2SO4 and (___) 50 ppm of PCE + 0.05 M Na2SO4 aque-




Fsigure 3. Cyclic voltammograms at a lead disk electrode in 0.05 
M Na2SO4 aqueous solution, three consecutive scans.  Initial po-
tential: rest potential, Lower potential limit: -1.4 V, higher poten-
tial limit: +1.8 V, 10 mV s-1, (___ )1º.(…)2º and (---) 3º scan. 
 
 
Figure 2. Linear voltammograms at a glassy carbon electrode in (----) 0.05 M Na2SO4 and (___) PCE + 0.05 M Na2SO4 aqueous solution for 
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could be seen around -0.6V in the absence of PCE. In the presence 
of PCE, together with a sharp peak (I) located at around -0.7V, a 
wide peak (II) located at potentials around -1.2V is now detected.  
It should be stressed that, even using the same initial pretreatment 
protocol both in the presence and the absence of PCE, a net in-
crease in the current of the peak I compared to that obtained in the 
absence of PCE, is clearly notorious. In the second and third scans 
(not shown) the background electrolyte does not show any relevant 
signal but in the presence of PCE a very wide shoulder could be 
seen at higher scan rates remaining the peak II. In order to obtain 
more information about these waves, a rotating rate series was 
carried out for both systems, in the absence and the presence of 
PCE at 10 mV s-1 as scan rate. In the absence of PCE, the slight 
shoulder at -0.6 V remains but it is not affected by the enhanced 
mass transport conditions and the shoulder current decreases with 
the number of scans.  This result along with that obtained in the 
scan rate analysis, allow the assignment of the signal located at -0.6 
- -0.7 V as surface oxides/sulphates reduction. In the presence of 
PCE, we did not obtain any typical plateau with increasing rotation 
rate and only a small shoulder located at -1.2V could be seen. The 
response (not shown) remained similar to those obtained in the scan 
rate analysis for the second and further scans. 
With all this information it is clear that the lead electrode pre-
sents a stronger interaction with PCE (or byproducts) and further 
evidence for this is obtained under increasing mass transport condi-
tions. An increased peak (I) around -0.7 V, (compared to that ob-
tained in the absence of PCE) and a new second shoulder (peak II) 
at -1.2 V (which increases as scan rate increases and remains when 
the rotation rate increases), are clearly detected in the presence of 
PCE for the first scan in voltammetry. These signals vanish for 
further scans, and a plausible explanation can be the formation of 
layers of byproducts on the surface of the electrode.  An analysis of 
the charge related to peak I in the scan rate series (first scan) gave a 
value approximately constant which points to the surface character 
of the process associated to peak I. This process is assigned to the 
reduction of a lead oxide/lead sulphate surface layer, which is 
formed during the time that the electrode is at open potential. The 
standard potential for the couple PCE/TCE has been calculated by 
Roberts et al [40] reporting a value of 0.592 vs SHE at 25º C, value 
which is higher than the standard potentials for the couple PbO/Pb 
(-0.58 V vs SHE), couple PbSO4/Pb (-0.36 V vs SHE) or couple 
Pb(II)/Pb (-0.13V vs SHE) [41], so an incipient chemical oxidation 
of the lead electrode surface by PCE is thermodynamically fa-
voured. However, this oxidation keeps at surface level and its fur-
ther progress decays because of self-inhibition. Along with the 
reduction of lead oxide/lead sulphate in surface, the reduction of 
PCE can also be seen at -0.7 V. In order to support this explanation, 
bulk electrolysis were carried out and presented in the next section. 
3.1.3. Copper electrode 
An equivalent study was carried out for copper, beginning with 
the background electrolyte behaviour. Literature [42] reports that 
experiments carried out in Na2SO4 solutions indicated that copper 
undergoes general corrosion at high potentials, i. e. production of 
soluble species of Cu(II), but tendency towards passivation is ob-
served in Na2CO3-Na2SO4 solutions. However, in both media, prior 
to corrosion or passivation phenomena, a Cu2O oxide layer is 
formed at -0.3 - -0.1 V and reduced at potentials between -0.6 - -0.4 
V. Therefore, our cyclic voltammetry analysis, Figure 5, starts at 
rest potential, located at [-0.2- -0.1 V], and goes first to the low 
potential limit and back to the high potential limit. Figure 5A 
shows the voltammetric profile with low potential limit located at 
the onset of the hydrogen evolution, -1.1 V, and the high potential 
limit fixed to +0.2V. A couple of shoulders (I, II) are seen (if mag-
nificated) at similar potentials than those reported in the literature 
[42] for the Cu2O formation and reduction. The sharp increase in 
current at high potentials in the positive-going scan, with a cathodic 
peak (III) on the reverse scan located at -0.07 V, is due to the for-
mation of soluble Cu(II), which are reduced during the reverse 
 
Figure 5. Cyclic voltammograms at a copper disk electrode in 0.05 
M Na2SO4 aqueous solution, 10 mV s-1, silent conditions.  A) Ini-
tial potential: rest potential, lower potential limit: -1.1 V, higher 
potential limit: +0.2 V. B) Initial potential: rest potential, lower 




Figure 6. Cyclic voltammograms at a copper rotating disk elec-
trode in (…) 0.05 M Na2SO4 and (___)50 ppm of PCE +0.05 M 
Na2SO4 aqueous solution for different scan rate shown in the fig-
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scan. This explanation is in agreement with the behaviour shown in 
Figure 5B. In this case, the same experiment is carried out but now 
the low potential limit is decreased to -1.5V, where a massive hy-
drogen evolution and an increase in pH takes place at the proximity 
of the surface electrode.  In this case, insoluble Cu(II) species (CuO 
and/or Cu(OH)2) are formed during the scan at more positive po-
tentials, with tendency to passivation.  Therefore, we can identify 
the Cu-Cu2O/Cu(OH)-CuO/Cu(OH)2/Cu(II)-Na2SO4 system in our 
experimental conditions, in Figure 5B, placing the Cu2O-CuOH/Cu 
redox couple (peaks I,II) around -0.10 - -0.70V, before the onset of 
hydrogen evolution, and the system Cu2O/Cu(OH)-CuO/Cu(OH)2 
at peak III and potentials higher that 0 V. The onset for the hydro-
gen evolution can be located at ca. -1.15 V. 
Once the background behaviour has been analyzed, we have 
centered our study at potentials lower than the rest potential in our 
experimental conditions. This rest potential is normally located in 
the range [-0.27- -0.36 V] depending on the initial state of the sur-
face and we fixed the conditioning potential at -0.3V. Figure 6 
shows the first scan (going to negative potentials) for cyclic volt-
ammetry with a fresh copper disk in the deoxygenated solution 
0.05 M Na2SO4 (dotted line) and 50 ppm PCE + deoxygenated 
solution 0.05 M Na2SO4 (solid line) for 250 mV s-1 and 1 V s-1. A 
narrow potential window was analyzed fixing the lower potential 
limit to -1.2V. An insignificant shoulder located at potentials at 
around -0.6 V (related to Cu2O reduction) can be seen (if magni-
fied) in the background electrolyte which disappears as scan rate 
increases. However, a clear shoulder can be detected at -0.60 V in 
the presence of PCE. Third scan (not shown) does not show any 
relevant signal. In order to obtain more information, a rotating rate 
series was carried out for both systems, in the absence and the pres-
ence of PCE, at the same potential window and at the low scan rate 
of 10 mV/s. Figure 7 shows the comparison with the first scan at 
two different ration rates (250 and 4000 rpm). In the absence of 
PCE, (dotted lines), the insignificant shoulder located at potentials 
around at -0.6 V remains but it is not affected by the enhanced 
mass transport conditions and decreases from the first to the third 
scan, in agreement with surface processes for the reduction of the 
residual oxides on the surface. In the presence of PCE, solid lines, 
there is no shark peak but a two wave response (starting at -0.4 V 
and -0.5 V) becomes clearer as the rotating rate increases. Hydro-
gen evolution starts at -1.2 V. Finally, Figure 8 summarizes the 
voltammetric behaviour of the PCE electroreduction with the three 
electrode materials. 
3.2. Controlled potential bulk electrolysis : Identifi-
cation of the electrolysis products 
Due to the low value of the current densities recorded in the volt-
ammetric experiments, controlled potential bulk electrolysis experi-
ments were carried out for the three electrode materials in order to 
confirm the electrochemical reduction of PCE by the detection of 
reduction products. This will allow us to assign current densities 
recorded in the voltammetric experiments in presence of PCE to the 
electroreduction of PCE and eliminate assignment to the reduction 
current of any residual oxygen present in the solution, in spite of 
the careful experimental procedure to remove it. However, first of 
all, we should discard any massive chemical contribution to the 
reduction of PCE by the zero-valent metal. Chemical trials were 
carried out where three conical glass flasks were provided with 
equivalent PCE-Na2SO4 solutions and metal powder (or carbon 
granules) to have the same surface area as the metal electrode (or 
carbon electrode) used in bulk electrolyses. In any case, no PCE 
reduction products were detected by the analytical methods used.  
We can thus exclude massive chemical reduction under our experi-
mental conditions and correlate the appearance of reduction prod-
ucts to the electrochemical route. Current efficiency, defined as the 
ratio between the charge used to produce chloride anion and the 
total charge passed [43], was calculated independently from the 
chloride concentration measurements (φCl) and from organics con-
centration measurements (φorg). If both current efficiencies are 
equal, this means that all reduction products are detected and meas-
ured. If φorg is lower than φCl, this means than some reduction or-
ganic products are not measured. 
Several general features can be observed for any electrode mate-
 
Figure 7. Cyclic voltammograms at a copper rotating disk elec-
trode in (…) 0.05 M Na2SO4 and (___)50 ppm of PCE +0.05 M 
Na2SO4 aqueous solution for different rotating rate shown in the 
figure, 10 mV s-1, first scan. 
 
 
Figure 8. Linear voltammograms at electrode materials in 50 ppm 
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rial studied: (i) Trichloroethylene (TCE) and dichloroethylene 
(DCE) and Cl- anions were clearly detected as major intermediates 
and final products. Other soluble products, if obtained, have con-
centrations below the detection limit (ii) Current efficiencies are 
low, in agreement with the low increases of the current densities 
observed upon addition of PCE; (iii) the current efficiency in-
creases as the working electrode potential decreases (iv) although 
gas evolution from the electrodes was not observed, the pH of the 
catholyte (initially at 6.5) becomes basic, pH 11-12. Blank tests 
(analysis of the pH evolution for the electrolyte with unconnected 
electrodic electrode materials) were carried out and the pH did not 
change for carbon and copper electrodes but an increase to 9.9 was 
obtained for the lead electrode, (v) although even some intermedi-
ates or final reduction products are detected, both mass balances 
present error at higher working electrode potentials, where the elec-
troreduction is not favoured. However, as the working electrode 
potential decreases, the error decreases, being the error for the C-
mass balance slightly higher than for Cl-mass balance in any time.  
This means that the major part of the chorinated compounds are 
detected and quantified and some non-chlorinated organic com-
pounds remain unidentified. 
Specific features can be reported for each electrode. The fact that 
voltammetric profile provided by the glassy carbon electrode 
showed no defined features, controlled potential bulk electrolyses 
were only carried out at two different electrode potentials related to 
the current density plateau: (i) at -1V, just at the beginning of the 
wave and (ii) at -1.2 V, in the middle of the wave. In both cases, 
TCE, DCE and Cl- anions have been clearly detected (with a con-
centration high enough to be measured) as main intermediates and 
organic products from the beginning of the electrolysis. In both 
cases, the molar ratio TCE/DCE was approximately 2. Firstly, this 
confirms that the low current in Figure 2, once the oxygen is re-
moved, is partially related to the PCE reduction. Second, it is im-
portant to observe that the two current efficiencies give similar 
values as the working electrode potential becomes more negative, 
where the chlorine mass balance is getting closed. For the lead 
electrode, potential controlled electrolyses were carried out at five 
different potentials: (i) -0.4 V where a net anodic current density is 
observed in the voltammetry, (ii) at -0.55 V close to the rest poten-
tial, where tentatively simultaneous lead oxide plus PCE electrore-
duction take place (iii) -0.7 V where the peak I of the lead (II) sul-
fate / oxide appears, (iv) at -1 V,  just prior to the peak II and (v) -
1.2V, at peak(II) potential, prior to the massive hydrogen evolution 
onset located around -1.4 V. No reduction products were detected 
for -0.4 and -0.55 V. Incipient electrochemical reduction (current 
efficiency close to 1%) was detected in the bulk electrolysis carried 
out at -0.7 V, where DCE was not detected but TCE and Cl- were 
not only detected but also their concentration measured. An im-
provement in the electroreduction was achieved decreasing the 
working electrode potential to -1V, where the DCE was now de-
tected (and measured) along with TCE and Cl-. The best results 
were obtained at -1.2 V, the potential of peak II in Figure 4, with a 
strong increase in the current efficiency and also a strong decrease 
in the mass balance errors. The molar ratio TCE/DCE decreases 
also as working electrode potential decreases. Finally, three differ-
ent potentials were studied for the copper electrode: (i) -0.3 V 
where a net anodic current density is observed in the voltammetry, 
(ii) at -0.55 V, at potential lower than the rest potential, where ten-
tatively simultaneous copper oxide plus PCE electroreduction take 
place and (iii) -1 V prior to the massive hydrogen evolution onset 
located around -1.2 V.  DCE and Cl- concentrations were measured 
as reduction products for any potential studied, however TCE was 
only detected and its concentration measured for -1 V. Current 
efficiencies of 2% were obtained for -0.3 and -0.55 V, which in-
creased slightly at lower potentials. 
 
The fact that the mass balance gets closed, as well as the current 
efficiencies increase as the working electrode potential becomes 
more negative needs comment. Voltammetric analyses have 
pointed out that a layer formation could take place on the elec-
trodes.  Massive chemical reduction of PCE by the electrode mate-
rials, and especially by lead, has been neglected from the results 
obtained in the chemical trials and a plausible explanation based on 
a reaction at surface level (polymer formation), which can be inhib-
ited by the reduction products has been proposed. This general 
absence of chlorinated intermediates at higher potentials may be 
also attributed to the adsorption mechanism which retains the com-
pound at a reactive site. Similar results have been obtained with 
zero-valent metal treatments[44] where poorer mass balance were 
attributed to the formation of incompletely dechlorinated interme-
diate reaction products. Other authors, who present poor mass bal-
ances [8] in chemical trials with Fe(0), have suggested that the 
chlorinated compound is nearly-completed dechlorinated in a sin-
gle step.  They suggest that the organic molecule must remain at-
tached to the metal surface for a sufficient period of time for the 
high number of electrons to be transferred. Attachment to the metal 
surface may reflect the hydrophobic character of the chlorinated 
compound (TCE in their study) or it may be a result of covalent 
bonding induced by the first electron transfer.  Sivavec and Horney 
[45] have suggested that strong chloroethene-Fe0 π bonding may 
prevent desorption until dechlorination is complete. A similar ex-
planation could be thought at high potentials in our experiments, 
where the electrode potential is close to open circuit potential. If 
the potential becomes more negative, further dechlorination takes 
place and a non-adsorptive process (a stepwise mechanism) over-
comes. This explanation has been proposed by several authors and 
it is supported by previous work [36]. In any case, taking into ac-
count the hydrophobicity of these compounds, losses by adsorption 
at the interphases (gas-liquid) and membranes cannot be discarded. 
In the following, we compare our results with those found out in 
the literature. Reductive elimination of chlorinated ethylenes by 
zero-valent metals has been extensively studied and pathways and 
kinetics data have been reported [46]. Li and Farrell [47] suggested 
different methods of dechlorination acted on the chlorinated sol-
vents: via direct electron transfer or via an indirect electron transfer 
from atomic hydrogen produced from background reduction. Re-
duction by this last mechanism should be fast on cathode with low 
hydrogen overpotential. They suggested that dehalogenation of 
compounds for which the reduction mechanism is direct reduction 
can be measured amperometrically by comparing currents in blank 
electrolyte solutions to those with added halocarbons. In next work, 
Farrell et al [48] comparing electrochemical and chemical reductive 
dechlorination of TCE and PCE on Fe(0), reported that PCE was 
found to reduce predominantly by direct electron transfer and TCE 
by reaction with atomic hydrogen released by iron corrosion. Inves-
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were carried out by Wang and Farrell [49] using Electrochemical 
Impedance Spectroscopy and Tafel analysis and they concluded 
that reduction of PCE occurred primarily via direct electron trans-
fer at low and neutral pHs. In our cases, we made the same com-
parison and the current densities in presence of PCE were routinely 
higher than the blank electrolyses, results in agreement with the 
voltammetric experiments. Besides, mechanical agitation was 
stopped during the electrolyses and the current decreased, accord-
ing to an electron transfer affected by the mass transport condi-
tions, which is not the case for water reduction. Besides, our elec-
trodes materials do not show low hydrogen overpotentials, there-
fore, all these findings suggest that, for the electrodes studied and 
in the potential range analyzed, the mechanism of reduction is, at 
least partially, direct electron transfer on the working electrode 
surface. 
4. CONCLUSIONS 
A general approach to the electrochemical reduction of PCE in 
aqueous media has been clearly addressed, detecting different be-
haviours for carbon, lead and copper electrodes: 
• Glassy carbon electrode needs a more negative potential for the 
electrochemical reduction of PCE than the other materials and the 
current density is lower (in the same range of concentration) than 
that obtained with copper or lead. When the concentration of 
PCE is increased, the hydrogen evolution process takes place at 
more negative potentials and a single wave is routinely obtained.  
Besides, the molar ratio TCE/DCE close to 2 obtained in the 
preparative electrolyses is in agreement with a predominant step-
wise electroreduction pathway. 
• A lead electrode shows a strong interaction with the reactant or 
reduction byproducts from -0.7 V to lower potentials. The prepa-
rative electrolyses at low potentials, -1V and especially at -1.2V 
with a clear increase in the current efficiencies, confirmed the 
electroreduction of PCE prior to hydrogen evolution in aqueous 
solutions.  Again, the molar ratio TCE/DCE close to 2 obtained 
in the preparative electrolyses is in agreement with a predominant 
step-wise electroreduction pathway. 
• A copper electrode has a potential region, [-0.6 -+0.2 V] where 
the electrochemical behaviour is complex. The pH-dependent 
Cu(II)/Cu(I)/Cu system overlaps with the PCE electroreduction.  
However, it is clear that (i) reduction products are detected at 
more positive potentials than on the other electrode materials, up 
to -0.3 V and (ii) under convective conditions, a clear plateaux 
can be detected at potentials lower than -0.6V, where any Cu2O is 
reduced and, at potentials as low as -1V, the molar ratio 
TCE/DCE is higher than 2, in agreement again to a predominant 
step-wise electroreduction pathway. However, it is important to 
stress that at higher potentials, TCE was not detected using a 
copper electrode, pointing to the fact that a C-Cl multi-bond 
cleavage process could take place. 
Finally, the controlled potential bulk electrolyses confirm the 
electroreduction of PCE in aqueous medium at the three electrodes, 
but showing different electrocatalytic behaviour. At higher elec-
trode potentials, mass balances are not closed and the current effi-
ciencies are lower but, a decrease in the working electrode potential 
gives lower errors in mass balances and higher current efficiencies.  
This means that the reduction seems to take place in a stepwise 
process giving products which are soluble and easily detected.  
Therefore, from a practical view point, lower potentials should be 
used in order to obtain reasonable degradation rates, even if hydro-
gen evolution takes place. The best results were obtained for lead 
electrode. On any electrode, no C3 or higher chlorinated com-
pounds have been detected, which means that the reduction mecha-
nism does not seem to follow a soluble radical route. 
Further work on the mass balance at high potentials is planned.  
The use of an electrochemical quartz crystal microbalance will 
provide information about the possible adsorption and/or polymeri-
zation at the cathode. 
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